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The evolution of jaws in cichlid fishes of the East African Great Lakes is a 
textbook example of adaptive radiation in vertebrates. Karl Liem postulated that this 
adaptive radiation has been possible due to the functional decoupling of two cichlid 
functional units – the pharyngeal jaw (PJ) and the oral jaw (OJ). This functional 
decoupling of the jaws has enabled the OJ to be relieved of its dual role of prey capturing 
and processing and has allowed the PJ to take on the role of prey processing. As a result, 
African cichlids have adapted the morphology of their functional units (i.e., oral jaws) to 
specialize in a feeding mechanism best suited for their habitat. However, global 
morphological changes (across the OJ and PJ) are understudied, especially, at the genetic 
level. 
In this study, two rock dwelling species of African Cichlids from Lake Malawi 
were used - Labeotropheus fuelleborni (LF) and Tropheops “red cheek” (TRC). Both 
species have distinct craniofacial morphologies for specialized benthic feeding (LF) and 
for generalized feeding (TRC). This morphological variation allowed us to investigate the 
functional decoupling of the jaws by studying differences in bone shape and muscle 
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volumes in an F5 hybrid population. Strong phenotypic correlations were observed 
between and within the tissues of the OJ and PJ. Further, to identify phenotype to 
genotype associations, a Quantitative Locus (QTL) analysis and a fine mapping analysis 
was conducted. The results show some evidence of overlapping genetic control (i.e., 














      TABLE OF CONTENTS 
                                                                                                                                        Page 
ABSTRACT ................................................................................................................... iv 
LIST OF TABLES ........................................................................................................vii 
LIST OF FIGURES ..................................................................................................... viii 
CHAPTERS 
1. FROM JAWS TO GENES ........................................................................................... 1 
1.1 Introduction .................................................................................................... 1 
1.2 Lake Malawi cichlids: A non-traditional model organism ............................... 1 
1.2.1 Functional Decoupling of the Oral Jaw and the Pharyngeal 
Jaw ............................................................................................... 2 
1.3 Hypothesis/Research Question ....................................................................... 3 
1.4 Specific Aims of the thesis ............................................................................. 4 
1.4.1 Specific Aim 1 ................................................................................. 4 
1.4.2 Specific Aim 2 ................................................................................. 5 
1.4.3 Specific Aim 3 ................................................................................. 6 
1.5 Significance ................................................................................................... 6 
2. MATERIALS AND METHODS ................................................................................. 8 
2.1 Characterization of Cichlid Pharyngeal Jaws .................................................. 8 
2.2 Cichlid Genotype and linkage group construction ......................................... 10 
2.3 QTL Analysis ............................................................................................... 11 
2.4 Fine Mapping Analysis................................................................................. 12 
3. RESULTS ................................................................................................................. 13 
3.1 Morphometric Analyses ............................................................................... 13 
3.2 Muscle Volumes of the Oral Jaw and the Pharyngeal Jaw ............................ 14 
3.3 Local and Global Correlations ...................................................................... 14 
3.4 Results of the QTL Analysis ......................................................................... 15 
3.5 Candidate Genes .......................................................................................... 17 
4. DISCUSSION ........................................................................................................... 29 
4.1 Variation in Jaw Morphology ....................................................................... 29 
4.2 Genetic and Phenotypic Coupling of Jaws .................................................... 30 
4.3 Pleiotropy and overlapping developmental fields explain phenotypic 
integration .............................................................................................. 31 
4.4 Candidate Genes Regulate Jaw Development ............................................... 32 
4.4.1 Role of Notch Signaling in Jaw Development ................................ 32 
4.4.2 Role of Smad4b in Jaw Development ............................................. 38 
4.4.3 Role of Hemojuvelin in Jaw Development ...................................... 39 
4.5 Future Directions .......................................................................................... 40 
5. CONCLUSION ......................................................................................................... 42 
5.1 Jaws: Where Did You Come From, Where Did You Go? ............................. 42 
APPENDIX ................................................................................................................... 43 
FIGURES 12 AND 13 ................................................................................................... 43 










Table 1: List of quantitative trait loci (QTL) affecting jaw tissues........................................ 22 
Table 2: List of Jaw traits and the candidate genes in their genomic areas of interest ........... 24 
Table 3: Prediction for candidate gene expression using RT-qPCR in Jaw Muscles ............. 41 






LIST OF FIGURES 
 
Figure Page 
Figure 1: Tissues assessed (A and B) Adductor mandibulae complex – A1 (yellow), A2 
(orange) and the mandible (red) overlaid on skeletal CT scan. (C and D) Pharyngeal 
jaw muscles - Pharyngoclithralis internus (PCI in green), Pharyngoclithralis 
externus (PCE in purple) and lower pharyngeal jaw (blue) overlaid on skeletal CT 
scan. ....................................................................................................................... 9 
Figure 2: Landmark positions for the bones assessed in the study. (A) Landmarks (LMs) are 
shown as red dots on 14 different positions in the mandible with wireframe 
representations. (B) 10 LMs along with the wireframe representation of the lower 
pharyngeal jaw. The blue dots in A and B represent semi-landmarks that connect 
two LMs on curved surfaces. ................................................................................ 10 
Figure 3: Principal component morphospaces: Morphospaces based on the PC scores of 
lower PJ (Top) and mandible/OJ (Bottom). Y axes: Pharyngeal jaw width (PC 2) 
and Oral Jaw length (PC 2); X axis: Pharyngeal Jaw Length (PC 1) and Oral Jaw 
Width (PC 1). Red: LF; Blue: TRC; Black: F5 hybrids. Figures on the axes have 
been artificially generated and are for visualization purposes only. ....................... 19 
Figure 4: Volumes of Jaw muscles. (A-D) Box and whisker plots showing variation in A1 
(yellow), A2 (orange), PCI (purple), and PCE (green) muscle volumes in parental 
(LF and TRC) and hybrid populations. .................................................................. 19 
Figure 5: Linear Regression Analysis: A subset of linear regression of the principal 
component scores showing local and global associations between different tissues 
from the OJ and PJ. ............................................................................................... 21 
Figure 6: Local and global correlations: A scatterplot matrix showing the results from the 
linear regression analysis of PC scores from tissues of the OJ and PJ. Color coded 
boxes represent the P values of the associations between the tissues. Strong 
associations are shown in pink boxes; weaker associations are shown in yellow and 
blue boxes. ............................................................................................................ 21 
Figure 7: Fine Mapping Analysis: A subset of fine mapping analysis plots of PJ and OJ 
tissues on LG 7 with null distribution (grey). Blue line: Difference between LF 
(BB) and TRC’s (AA) average phenotypic mean; Dark blue shaded area: standard 
error for AA; purple shaded area: standard error for BB. The vertical aqua-colored 
bars represent areas of significant genotype-phenotype associations that lie outside 
the null distribution. The bright green-colored vertical line represents the peak 
genotype-phenotype associations. ......................................................................... 23 
ix 
 
Figure 8: QTL and Fine map summary: A representation of the results obtained from the 
QTL and fine mapping analysis showing traits studied and their corresponding 
genomic areas of interest. ...................................................................................... 25 
Figure 9: Candidate Genes on the Cichlid Genome: (Top) Smad4b (43,320,168-43,325,659 
million base pairs) and notch1a (48,423,569-48,447,715) are candidate genes 
residing on LG 7 and regulate the following traits: PCE, A1, A2, and OJ width (PC 
1). (Bottom) Candidate genes on LG 11: Hemojuvelin (30,981,841-30,989,774 
million base pairs), nr2f5 (29,759,133-29,783,839 million base pairs) are candidate 
genes residing on LG 11 and regulate the following traits: PJ Width (PC 2). ......... 26 
Figure 10: Muscle Candidate Genes. Average Phenotypic Effect (APE) of four traits – A1 
muscle, PCE muscle, A2 muscle and PCI muscle. All these traits (excluding PCI 
muscle), are regulated by notch1a (48,423,569-48,447,715). PCI is regulated by 
smad4b (43,320,168-43,325,659 MB). .................................................................. 27 
Figure 11: Bone candidate genes. Average Phenotypic Effect (APE) of two traits – PJ bone 
length (PC 1) and OJ bone width (PC 1). Both these traits are regulated by notch1a 
(48,423,569-48,447,715 MB). ............................................................................... 28 
Figure 12: Regulation of Notch signaling in bone development and remodeling. A visual 
representation and function(s) of the key players of Notch signaling: Notch ligands 
(Delta, Serrate and Jagged), receptor (Notch1), Notch intracellular Domain (NICD), 
RBPjK, Mastermind and target genes (Hes and Hey) (Top). A stage specific 
prediction of Notch (Notch1a) expression in the jaw bones of adult TRCs (low) and 
LFs (high in adults; low in developing LFs) (Bottom, Appendix A). ..................... 37 
Figure 13: Regulation of Notch signaling in muscle development (myogenesis) and 
remodeling. A visual representation and function(s) of the key players of Notch 
signaling: Notch ligands (Delta, Serrate and Jagged), receptor (Notch1), Notch 
intracellular Domain (NICD), RBPjK, Mastermind and target genes (Hes and Hey). 
A Prediction of Notch (Notch1a) expression in the jaw muscles of TRCs (low) and 
LFs (high) (Bottom, Appendix A). ........................................................................ 38 
 
1 
                                               CHAPTER 1 
         FROM JAWS TO GENES 
1.1 Introduction 
This chapter shows how we can decode the natural diversity in morphology that 
we observe in our natural world, at the genetic level. One way to understand this 
morphological variation is to use a forward genetics approach - to identify a phenotypic 
trait of interest to further determine the genetic basis of that phenotype. This forward 
genetics, with the help of genomic and statistical tools, can help us to use the variation in 
complex traits to link a phenotype with its underlying genotype. Identifying the genetic 
elements that regulate such complex traits using a non-traditional model organism like 
Lake Malawi Cichlids, can help us to understand the development of these traits at the 
molecular and cellular level.  
1.2 Lake Malawi cichlids: A non-traditional model organism 
The Cichlidae family of fishes is one of the most diverse vertebrate lineages, 
which are found in the Great Lakes of East Africa, Central and South America, as well 
as, parts of South Asia. In the last few million years, Lake Malawi has witnessed an 
adaptive radiation giving rise to more than 500 cichlid species (Kocher, 2004). This 
adaptive radiation happened in three stages: (1) differentiation between sand – dwellers 
and rock – dwellers, (2) diversification of trophic morphology among rock-dwellers due 
to divergent selection, (3) divergence of male color patterning due to divergent sexual 
selection (Danley & Kocher, 2001). A result of this adaptive radiation has been the 
formation of evolutionary mutant models with natural variation in their craniofacial 
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morphology, and this natural phenotypic diversity can overcome the limitations of 
induced mutations (R. Craig Albertson, Cresko, Detrich, & Postlethwait, 2009; Powder & 
Albertson, 2016). Therefore, cichlids are a great model organism to understand the 
genetic underpinnings of variation in jaw shape. 
1.2.1 Functional Decoupling of the Oral Jaw and the Pharyngeal Jaw 
Numerous bony fish (i.e., teleost) groups possess two sets of jaws (Wainwright et 
al., 2012). The oral jaws (OJs) are homologous to the upper and lower jaws of other 
vertebrates and are used to capture prey. The pharyngeal jaws (PJs) are modified gill arch 
bones locating in the throat and are mostly used in the processing of food. Lake Malawi 
cichlids have witnessed an adaptive radiation in the last few million years, resulting in 
more than 500 species with extreme variation in craniofacial morphology (Powder & 
Albertson, 2016). Further, this adaptive radiation has occurred in the context of overall 
genetic homogeneity (Y. H. E. Loh et al., 2008). This functional decoupling is proposed 
to have enabled the evolution of elaborate prey capturing mechanisms in fishes, and 
allowed the diversification of trophic structures in Lake Malawi Cichlids (Liem, 1973). 
However, the development and growth of craniofacial muscles and bones are intrinsically 
linked at the molecular and kinematic levels (Knight & Schilling, 2006; Liem, 1973) 
which suggests that the growth of one tissue may influence that of the other. Thus, it 
remains unclear whether the functionally decoupled OJ and PJ are also independent at the 
genetic, or even the phenotypic levels (i.e., if there is any covariation between OJ and 
PJ).   
Independent genetic regulation of the OJ and PJ is an especially important 
question as it speaks to the ability of these two structures to evolve along independent 
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trajectories (Liem, 1973). Taken together, this animal system and experimental design is 
aptly suited for understanding the regulation of the OJ and PJ at the molecular level – to 
identify craniofacial genes and their regulation of different components of the jaws.  
Here, we use two species of Lake Malawi cichlids, and their hybrid progeny, to 
answer these open questions: Labeotropheus fuelleborni (LF) and Tropheops ‘red cheek’ 
(TRC). Both species occupy and feed on algae attached to rocks in the near-shore rocky 
habitats, but they differ in their feeding mechanisms. While LFs are highly specialized 
benthic feeders (rock scraping), TRCs are more generalized (scraping and suction) 
feeders (R. Craig Albertson & Pauers, 2019; R. Craig Albertson et al., 2014a). Despite, 
the phenotypic diversity in trophic morphology of these species, there is genetic 
homogeneity between the LF and TRC (Y. H. E. Loh et al., 2008). As a result, these 
species are characterized by low nucleotide diversity and high levels of shared 
polymorphisms which allows us to use the tools of population genetics to map the 
genotype to the phenotype (Y.-H. E. Loh et al., 2013). In this project, the genetic basis of 
OJ and PJ shape, as well as their associated musculature will be identified using 
Quantitative Loci Analysis (QTL), and the expression of the candidate genes in these 
intervals will be validated through real-time quantitative PCR (discussed in section 4.5). 
1.3 Hypothesis/Research Question   
Our hypothesis is that if the oral jaw (used for capturing) and the pharyngeal jaw 
(used for processing) are functionally decoupled, then they should also be decoupled at 
the phenotypic and the genetic levels. 
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1.4 Specific Aims of the thesis 
1.4.1 Specific Aim 1 
Identify correlations between bones and muscles of the oral jaw and the 
pharyngeal jaw. Predictions: Due to the functional decoupling of the OJ and the PJ, 
there will be (1) strong local correlations within and (2) weak global correlations between 
the tissues of the two functional units. We tested this prediction using an F5 hybrid 
population (n=143). We first extracted the lower OJ and PJ bones, as well as two muscles 
associated with each of these structures (i.e., 4 muscles total) from micro-CT data. To 
characterize variation in bones and muscles, we next extracted shape information using 
3D geometric morphometrics and volumetric measurements, respectively. We performed 
linear regressions to document correlations between bone shape and muscle volume. 
Results: We find evidence for strong associations between PJ shape and PJ 
muscle volume, as well as between OJ bone and muscles. Further, we note that the 
association between bone and muscles extends beyond this functional unit, such that 
components of one unit (e.g., PJ) are correlated with those of the other (e.g., OJ). Thus, 
our results support our prediction of strong local correlations within a functional unit. 
However, our results do not support the prediction of weak global correlations between 
the two functional units. These data suggest that the tissues of the two functionally 
decoupled jaws are strongly associated with each other at the phenotypic level, and their 




1.4.2 Specific Aim 2  
Identify candidate linkage groups (chromosomes) for the regulation of jaw 
and muscle shape. Predictions: Due to the functional decoupling of the OJ and the PJ, 
different genetic intervals will regulate the variation in the shape of OJ and PJ tissues. 
The bone morphology and muscle volumes of the jaws are phenotypes that are complex 
by nature. Variation in jaw shape is regulated by many genetic loci across the genome (R. 
C. Albertson, 2003). The identities of these genetic loci and their corresponding linkage 
groups are essential to identify candidate genes involved in the regulation of jaw 
development (Powder & Albertson, 2016). We performed a QTL analysis to understand 
whether the morphological associations we observed in the muscle and bone data could 
be facilitated by genetic correlation (e.g., pleiotropy).  
Results: Previous work on cichlid pharyngeal jaws used two-dimensional shape 
data to assess genotypic-phenotypic data (Fruciano et al., 2016). The goal of this project 
was to assess three-dimensional PJ shape to obtain any genotype to phenotype 
associations using geometric morphometrics and QTL analysis. We found 23 significant 
QTL for all the traits of interest. Our results show that overlapping regions of the genome 
have genetic markers that likely regulate the development of jaw bone and jaw muscle 
(linkage group 7) across the OJ and the PJ. We also found genetic overlap between the 
tissues of one functional unit (linkage groups 5, 7 and 9). Further, we note some QTL that 
do not overlap but are responsible for the development of jaw bones (Table 1). These data 
suggest that similar genetic intervals contain genes that are regulating variation in the 





1.4.3 Specific Aim 3 
Validate candidate genes by looking at gene expression in the OJ and the PJ 
by using quantitative real-time PCR (RT-qPCR). Prediction: There will be expression 
level differences of candidate genes in the OJ and the PJ. We are testing this prediction 
by using quantitative real-time PCR, a technique that helps to measure gene expression in 
specific tissues (Livak & Schmittgen, 2001). The candidate gene(s) for RT-qPCR will be 
chosen from the fine mapping of the QTL intervals that play a role in craniofacial tissue 
development. If different candidate genes are responsible for the functional decoupling of 
the OJ and PJ, then, the candidate genes corresponding to a functional unit will be highly 
expressed in that functional unit, but not the other. At the species level, we predict to find 
expression level differences in candidate genes because TRC and LF exhibit different 
bone shapes and muscle volumes. 
The results of this specific aim could not be obtained because the RT-qPCR 
experiment could not be completed due to the COVID-19 shutdown in March 2020.  
1.5 Significance 
Since craniofacial development is molecularly conserved across vertebrates, this 
project will expand our understanding of how genetic variation can produce natural and 
clinical variation in facial morphology (Powder & Albertson, 2016). Identifying 
candidate genes and measuring their expression levels in jaw development can help us to 
better understand the degree to which the functional decoupling of the jaws is evident at 
the genetic level. This project will also help us to understand the evolutionary and genetic 
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       CHAPTER 2 
MATERIALS AND METHODS 
2.1 Characterization of Cichlid Pharyngeal Jaws 
4 individuals of parental LF, 4 individuals of parental TRC and 143 F5 hybrids 
were phenotyped for this study. All 143 hybrids were fed the same diet (egg yolk flakes 
and algae), so variation in muscle volume and bone shape should be a result of intrinsic 
regulation of craniofacial morphology. X-ray micro computed tomography (μCT) was 
used to extract data on muscle volumes and bone shape for PJ and OJ tissues. 2.5% Lugol 
iodine was used to stain PJ (Pharyngoclithralis internus, Pharyngoclithralis externus) and 
OJ (Adductor mandibulae complex – A1, A2) muscle tissues for 24 hours (Figure 1). The 
2.5% Lugol iodine was absorbed into the tissues and was used a contrast agent to scan 
tissues using X-Tek HMXST 225 μCT scanner (Nikon Corporation). Mimics v.19 
(Materialise NV) was used to segment bone and muscle 3D data, and this data was 
exported to Geomagic 2014 v.1.0 (3D systems) to further calculate muscle volumes and 
to clean any noise (A. J. Conith, Lam, & Albertson, 2019). 
The lower PJ bone and mandible (lower OJ) was used to extract shape data. 3D 
geometric morphometrics was used to quantify shape of the OJ and the PJ bones by 
placing 14 and 10 fixed landmarks (LMs), respectively in different positions of these 
bones (Figure 2). All the 3D data of the OJ was taken from Conith et al. (A. J. Conith et 
al., 2019). General least squares Procrustes superimposition (GPA) was used to remove 
any effects of size variation, rotation, and translation on the LMs (Rohlf, 1998). To 
further remove allometric effects, regression of bone shape on geometric centroid size 
was performed to obtain residual landmarks (Adams & Otárola-Castillo, 2013). In order 
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to reduce the dimensionality of our datasets and to visualize shape variation in the 
parental and F5 hybrid population, a principal component analysis (PCA) was performed 
on the residual landmarks. Finally, linear regression analysis of PC scores was performed 
between each of the tissues of the OJ and PJ. 
 
 
Figure 1: Tissues assessed (A and B) Adductor mandibulae complex – A1 (yellow), A2 
(orange) and the mandible (red) overlaid on skeletal CT scan. (C and D) Pharyngeal jaw 
muscles - Pharyngoclithralis internus (PCI in green), Pharyngoclithralis externus (PCE in 






Figure 2: Landmark positions for the bones assessed in the study. (A) Landmarks 
(LMs) are shown as red dots on 14 different positions in the mandible with wireframe 
representations. (B) 10 LMs along with the wireframe representation of the lower 
pharyngeal jaw. The blue dots in A and B represent semi-landmarks that connect two 
LMs on curved surfaces. 
2.2 Cichlid Genotype and linkage group construction 
The F5 hybrids used in this study were produced from intercrossing F4 hybrids. 
All hybrids were produced by crossing a single wild-caught LF female with a TRC male. 
The resulting F1 generation were incrossed to produce an F2 generation and more 
intercrosses were performed to further produce an F5 hybrid population (n=636). SNPs 
were identified and genotyped in the F5 population using Restriction-Site Associated 
DNA sequencing (RAD-seq). The caudal fin was used to extract DNA (Qiagen Inc., CA, 





































libraries. This was followed by whole genome sequencing using Illumina HiSeq 2000 
(Illumina, San Diego, CA) and sequence alignment to the cichlid reference genome 
(Metriaclima zebra v.0, http://cichlid.umd. edu/cichlidlabs/kocherlab/bouillabase.html). 
Bioinformatics was used for narrowing down on SNPs, as described in Chutimanitsakun 
et al. (Chutimanitsakun et al., 2011) and Albertson et al. (R. Craig Albertson et al., 
2014b) . The SNPs that were selected from the F5 hybrid population were not based on 
Mendelian inheritance, so the F2 generation of the same pedigree was used to construct a 
genetic map. In total, 812 genetic markers were used to conduct all the genetic analyses.  
2.3 QTL Analysis 
Quantitative Trait Locus (QTL) Analysis is a technique that allows us to 
understand the phenotypic variation at the genetic level. This analysis was performed 
using R statistical language using scripts (Broman & Sen, 2009) in the R package r/qtl 
(v.1.44-9). A QTL analysis was performed on muscle volume, as well as the PC scores 
for each bone. This analysis enabled searching for significant loci using the multiple QTL 
mapping approach (i.e., Multiple QTL mapping). The scanone function was used in an 
initial QTL scan to identify putative markers to be used as cofactors in the multiple QTL 
mapping model. The cofactors added were determined by maximum-likelihood backward 
elimination in the mqmscan function and markers with logarithm of odds (LOD) score of 
greater than 3 were considered significant. The significance of these markers was 
quantitatively confirmed using the mqmpemutation function at 90% and 95% genome-
wide threshold levels that generates a null distribution by shuffling the phenotypic data 
relative to the genotypic data 1000 times. This function allows the disassociation of any 
genotypic-phenotypic relationship that might occur due to chance and narrows down the 
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search for QTL markers that are significant. Finally, the bayesint function was used to 
find a Bayesian credible interval where a potential candidate locus could reside.  
2.4 Fine Mapping Analysis 
A fine mapping analysis typically uses additional markers across a candidate 
linkage group to refine the target interval. For example, a subset of all the markers on 
LG7 were used for QTL mapping, but all the markers on the linkage groups were used 
for fine mapping. The effectsplot function was used at every marker position to compare 
the average trait values between the TRC allele and the LF allele. The significance of the 
fine map markers was tested by performing 100 permutations that created a null 




          CHAPTER 3 
           RESULTS 
3.1 Morphometric Analyses 
The primary axes of morphological variation in the lower oral jaw (mandible, 
“OJ”) and the lower pharyngeal jaw  (“PJ”) recapitulate the important axes of variation 
present across Lake Malawi cichlids (Cooper et al., 2010). The range of craniofacial 
shapes varies a lot (benthic to pelagic) in Lake Malawi cichlids which allows them to 
partition their foraging habitat by adapting to the method of foraging best suited for its 
habitat (R. C. Albertson & Kocher, 2006). The PJ morphology observed in the F5 
generation spans from suction feeding to biting strategies, and correspondingly from 
pelagic to benthic shapes (Figure 3, Top). On the other hand, OJ morphology observed in 
the F5 generation is skewed towards TRC-like OJ width (i.e., thin and short OJs) (Figure 
3, Bottom). In other words, a lot of craniofacial variation was observed in the F5 hybrids 
that extended to, and even exceeded TRC and LF shapes for the PJ bone but not the OJ 
bone. The principal component analysis (PCA) shows us variation in shapes of jaw bones 
and assigns principal component scores to each individual. For the PJ, PC 1 describes 
variation in the PJ length, PC 2 describes PJ width (Figure 3, Top). For the OJ, PC 1 
describes variation in the OJ width, and PC 2 describes OJ length (Figure 3, Bottom). PC 
1 of PJ (PJ length) explains 36% of the variation and PC 2 of PJ (PJ width) explain 12% 
of variation in PJ shape across TRC, LF and F5 hybrids. OJ PC1 (27%), reflects changes 
in OJ width while OJ PC2 (10%) reflects change in the length of the retroarticular 
process (i.e., OJ length). All the craniofacial tissues studied in this F5 population, reflect 
patterns of variation in shape due to feeding behavior and diets between LF and TRC. 
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Together, these data suggest that there is a lot of variation in F5 hybrids that varies 
between and extends beyond TRC and LF-like craniofacial morphology. 
3.2 Muscle Volumes of the Oral Jaw and the Pharyngeal Jaw 
Muscle volumes extracted from scans of iodine stained specimens also exhibit a 
high degree of variation in the F5 hybrids (Figure 4). The OJ muscles have the highest 
variation in muscle volumes (A1, SD =  3,979,737,784.34 μm3; A2, SD =  
3,866,805,155.51 μm3), while the pharyngeal jaw muscles have less variation in muscle 
volume (PCI, SD =  430,063,753.57; PCE, SD =  772,285,200.77). LF muscles (A1, A2 
and PCI) are, in general, larger than TRC muscles, which likely allows them to use more 
force for processing food. There is less difference between LF and TRC PJ muscles, but 
LFs still have larger muscles on average. For some muscles, the hybrids are skewed 
towards the TRC muscle volume distribution, whereas others exhibit intermediate muscle 
volumes (Figure 4). Specifically, A1 and PCE muscles exhibit a dominant mode of 
inheritance for TRC alleles, while A2 and PCI muscles reflect an additive mode of 
inheritance. 
3.3 Local and Global Correlations 
Linear regression analysis between bone-muscle complexes shows strong 
correlations occuring locally (between the tissues within the OJ or PJ) and globally 
(between the tissues of OJ and PJ). For example. there were strong local associations 
between soft and hard tissues of the pharyngeal jaw (Figure 5A, Figure 6) as observed 
between the pharyngeal jaw width (PC 2) and PCE muscle volume. There were also 
strong global associations between soft and hard tissues of the OJ and PJ (Figure 5C, 
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Figure 6). Therefore, the oral jaw and the pharyngeal jaw are tightly correlated across 
muscle volumes and shape. This indicates that the oral jaw and the phayngeal jaw are 
integrated, despite diverse functional roles (capturing prey and processing prey) and 
different developmental origin (mesoderm for muscles and neural crest cells for bones).  
These associations may exist due to a number of reasons: genetic (e.g., pleiotropy) or 
developmental coupling, or due to mechanical-load induced remodeling of the OJ and PJ 
(A. J. Conith et al., 2019). Finally, a QTL analysis was conducted to test the possibility of 
overlapping genetic control between the OJ and PJ. 
3.4 Results of the QTL Analysis 
The QTL analysis reveals many regions of the cichlid genome that underlie 
variation in the tissues of OJ and PJ. A total of 23 significant QTL were found across all 
the traits that were measured at the 0.10 and 0.05 genomic level (Table 1). 8 out of 25 
linkage groups contained QTL with significant LOD scores (> 0.05 and > 0.10 genetic 
level) – 3 QTL for PC 1 of PJ, 5 QTL for PC 2 of PJ, 3 QTL for PCI, 3 QTL for PCE, 2 
QTL for OJ width (PC 1), 2 QTL for OJ length (PC 2), 3 QTL for A1, and 2 QTL for A2 
(Table 1). The percent variation explained (PVE LOD) for all significant QTL lied 
between 7% - 22% in the F5 population. Dominant, overdominant and additive modes of 
inheritance were observed for the traits. 
A region of high genetic overlap at 20 centimorgan (cM) and 30 cM was observed 
between the traits of OJ and PJ was observed on Linkage group 7 (Figure 8). Linkage 
group 7 had overlapping QTL for traits including PCI, PCE, PC 1 of PJ, PC 1 of OJ, A1 
and A2 muscles. This overlapping region can arise due to disntinct but closely linked 
loci, or due to single loci with pleiotropic effects. In an attempt to distinguish between 
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two possibilities, we developed a fine mapping analysis that narrowed down the QTL 
intervals for significant genotypic-phenotypic relationship for each trait with a QTL on 
LG7. In the fine mapping analysis, a total of 812 markers were used (compared to the 132 
markers of LG7 used for QTL mapping). Phenotypic effects were calculated at every 
marker as the phenotypic average for animals with the LF genotype minus that for 
animals with the TRC genotype. We also created a null distribution (shaded in grey) by 
disassociating true phenotypic data from genotypic data across LG7 (Figure 7). The dark 
blue and purple curves show standard errors of the average phenotypic effect for TRC 
and LF genotypes at each marker, respectively. The light blue line shows the mean 
phenotypic difference between LF and TRC genotypes. The empirical data that lies 
outside the null distribution reflects the new candidate region. These areas of interest 
represent the peak genotype-phenotype associations which can be visualized by the aqua-
colored vertical bars and by the bright green-colored vertical line (Figure 7, Table 2). 
Therefore, the presence of overlapping QTL and fine mapping intervals on linkage group 
7 provides additional evidence for shared genetic control (i.e., pleiotropy) for some, but 
not all, of the traits that originally map to this LG. For example, PCE, PJ length, A1, A2 
and OJ width have a commom peak at 48 MB that lies outside the null distribution, 
suggesting a strong genotype-phenotype association at that location. PCI, on the other 
hand does not have a peak genotype-phenotype peak at 48 MB suggesting a different 
position that regulates PCI muscle (Figure 10). The local and global correlation observed 
in section 3.3 may be explained by the genes within this overlapping region that control 
the development and shape of the OJ and PJ. 
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3.5 Candidate Genes  
Linkage group 7 was found to be a common region of genetic overlap for six 
traits: PCI, PCE, PJ length (PC 1), OJ width (PC 1), A1 and A2 muscles (Table 2 and 
Figure 9). For PCI (PJ muscle), smad4b is a strong candidate gene in the overlapping 
region LG7: 43,320,168-43,325,659 MB (Table 2 and Figures 9, 10). Smad4b is a gene 
that codes for a transcription factor involved in the TGF-β signaling pathway (Gahr, 
Weber, & Rexroad, 2012) that plays a role in jaw development by regulating muscle 
mass (Woronowicz & Schneider, 2019). Notch1a is another candidate gene that is 
associated with multiple traits, including PCE, A1, A2, PJ length (PC 1), OJ width (PC 1) 
on LG 7 in the 48,423,569-48,447,715 region. Notch1a is involved in bone development 
and homeostasis (Mašek & Andersson, 2017) (Table 2 and Figures 9, 11). Hemojuvelin 
and nr2f5 are candidate genes that are found on LG 11 and they regulate PJ width (PC 2) 
(Table 2 and Figure 9). Hemojuvelin is a co-receptor in the BMP family of signaling 
molecule (Core, Canali, & Babitt, 2014), and BMP signaling plays a role in regulating 
jaw width (Abzhanov, Protas, Grant, Grant, & Tabin, 2004) (Table 2 and Figure 9). 
Finally nr2f5 belongs to the nr2f family of nuclear receptors that is involved in the 
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Figure 3: Principal component morphospaces: Morphospaces based on the PC scores 
of lower PJ (Top) and mandible/OJ (Bottom). Y axes: Pharyngeal jaw width (PC 2) and 
Oral Jaw length (PC 2); X axis: Pharyngeal Jaw Length (PC 1) and Oral Jaw Width (PC 
1). Red: LF; Blue: TRC; Black: F5 hybrids. Figures on the axes have been artificially 
generated and are for visualization purposes only. 
 
 
Figure 4: Volumes of Jaw muscles. (A-D) Box and whisker plots showing variation in 
A1 (yellow), A2 (orange), PCI (purple), and PCE (green) muscle volumes in parental (LF 





        
   
  





































































                                
 









































































































































































































































































































































































































                                                       
 

















































Figure 5: Linear Regression Analysis: A subset of linear regression of the principal 
component scores showing local and global associations between different tissues from 





Figure 6: Local and global correlations: A scatterplot matrix showing the results from 
the linear regression analysis of PC scores from tissues of the OJ and PJ. Color coded 
boxes represent the P values of the associations between the tissues. Strong associations 
are shown in pink boxes; weaker associations are shown in yellow and blue boxes.     
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Table 1: List of quantitative trait loci (QTL) affecting jaw tissues 
 
Trait QTL LG pos (cM) QTL Interval LOD PVE LOD
TRC/TRC TRC/LF LF/LF
PJ Length 1PC1 1 0 0.0 - 48.12 2.35 7.2887 -0.048 0.0099 -0.0005
PJ Length 2PC1 7 20 14.04 - 40.94 4.469 13.4043 0.0128 0.0097105630.009749372-0. 128
PJ Length 3PC1 14 5 1.30 - 34.56 2.699 8.3248 -0.0119 0.0034 0.00819
PJ Width 1PC2 5 0 0.0 - 75.23 3.036 9.3144 0.017 0.0016 -0.0011
PJ Width 2PC2 7 80 79.21 - 80.60 3.375 10.2990 0.0004 0.0014 -0.0422
PJ Width 3PC2 9 55 0.0 - 56.19 2.938 9.0277 0.0069 -0.0027 0.0005
PJ Width 4PC2 11 0 0.0 - 94.41 6.17 18.0203 -0.0058 -0.0042 0.00713
PJ Width 5PC2 20 60 51.10 - 77.31 2.765 8.5195 -0.0027 0.0027 0.00065
PCI 1PCI 7 35 19.12 - 47.30 4.553 13.6382 8E+07 1E+08 -4E+07
PCI 2PCI 9 20 16.93 - 45.55 4.093 12.3493 5E+07 -8E+07 8E+07
PCI 3PCI 17 50 32.46 - 59.71 3.32 10.1400 -2E+07 6E+07 -1E+08
PCE 1PCE 5 20 0.0 - 75.24 2.733 8.4251 6E+07 -2E+08 2.1E+08
PCE 2PCE 7 35 9.03 - 40.94 4.677 13.9824 -1E+08 3E+08 -8E+07
PCE 3PCE 9 35 0.84 - 1.16 2.514 7.7770 5E+07 1E+08 -1E+08
OJ Width 1OJPC1 4 45 0.0 - 62.02 3.114 9.5419 -0.0062 0.0083 0.00527
OJ Width 2OJPC1 7 20 19.12 - 28.04 7.763 22.1199 -0.0117 -0.0113 0.01329
OJ Length 1OJPC2 10a 25 8.59 - 31.80 2.626 8.1091 -0.0062 0.0003 0.00367
OJ Length 2OJPC2 21 25 24.39 - 44.99 4.802 14.3279 -0.0012 -0.0044 0.02043
A1 Depth 1A1 7 35 9.03 - 65.83 3.601 10.9495 -5E+08 1E+09 -3E+08
A1 Depth 2A1 3 45 1.95 - 2.45 3.18 9.7339 -1E+09 2E+08 3.6E+08
A1 Depth 3A1 13a 40 38.50 - 43.77 3.493 10.6392 -4E+08 1E+09 -6E+08
A2 Width 1A2 7 35 14.04 - 42.944 3.385 10.3279 -6E+08 1E+09 -3E+08






Figure 7: Fine Mapping Analysis: A subset of fine mapping analysis plots of PJ and OJ 
tissues on LG 7 with null distribution (grey). Blue line: Difference between LF (BB) and 
TRC’s (AA) average phenotypic mean; Dark blue shaded area: standard error for AA; 
purple shaded area: standard error for BB. The vertical aqua-colored bars represent areas 
of significant genotype-phenotype associations that lie outside the null distribution. The 






Table 2: List of Jaw traits and the candidate genes in their genomic areas of interest 
Trait Linkage 
Group 
QTL interval Fine Map Interval in 
million base pairs (MB) 
Candidate Gene 
(Interval) 
PCI LG 7 31,586,414 – 38,306,599 23 MB - 38.5 MB 
33 MB – 41.5 MB 





PCE  LG 7 37,904,992 – 53,862,409 35 MB – 41 MB 




PJ Length (PC 1) LG 7 47,788,812 - 50,114,861 0 - 9 MB 
24 MB – 29 MB 
29.5 MB – 38.5 MB 










A1  LG 7 18,687,345-50,260,932 23 MB - 28 MB 
37 MB – 41.5 MB 





A2 LG 7 23,752,851-50,260,932 23 MB - 28 MB 
36 MB – 41 MB 





OJ Width PC1 LG 7 43,953,352-47,806,037 18 MB - 20 MB 
23 MB – 28 MB 
33 MB – 41 MB 









Figure 8: QTL and Fine map summary: A representation of the results obtained from 
the QTL and fine mapping analysis showing traits studied and their corresponding 
genomic areas of interest. 

















                                           
                           
                    
                    
                    
              
       




Figure 9: Candidate Genes on the Cichlid Genome: (Top) Smad4b (43,320,168-
43,325,659 million base pairs) and notch1a (48,423,569-48,447,715) are candidate genes 
residing on LG 7 and regulate the following traits: PCE, A1, A2, and OJ width (PC 1). 
(Bottom) Candidate genes on LG 11: Hemojuvelin (30,981,841-30,989,774 million base 
pairs), nr2f5 (29,759,133-29,783,839 million base pairs) are candidate genes residing on 
LG 11 and regulate the following traits: PJ Width (PC 2). 
 
 
                            
                                                   
                                                   
               
            
                            
                      
                      
                                                                                                    
                      
                      
                      
               
            
                                                
               
                                                                                                    
                      
                      
                                   
             
                       
               
                                   
                      
                      
                                                                                                              
                                             
                     
               
             
                        
               
                                                                                                              
              
                      
                  
        
           
                      




Figure 10: Muscle Candidate Genes. Average Phenotypic Effect (APE) of four traits – 
A1 muscle, PCE muscle, A2 muscle and PCI muscle. All these traits (excluding PCI 
muscle), are regulated by notch1a (48,423,569-48,447,715). PCI is regulated by smad4b 
(43,320,168-43,325,659 MB). 



















































       
        
         
        
         




Figure 11: Bone candidate genes. Average Phenotypic Effect (APE) of two traits – PJ 





















     CHAPTER 4 
    DISCUSSION 
4.1 Variation in Jaw Morphology 
Variation in the morphology of the OJ and PJ in Lake Malawi Cichlids reflects a 
spectrum of morphologies that are linked to the differences in biomechanics and diet (R. 
C. Albertson & Kocher, 2006). The range of craniofacial shapes varies a lot in Lake 
Malawi cichlids, and this variation allows a species to adapt to the method of foraging 
best suited for its habitat. Studies have shown the LFs possess enlarged snouts to 
facilitate a more efficient biting motion of its jaws to feed benthically (M. R. Conith et 
al., 2018). On the other hand, TRCs possess narrow and blunt snouts allowing “nipping” 
of algae from rocks (R. Craig Albertson, 2008). This variation provides unique feeding 
advantages to each species. Morphometric analysis for PJ shows that LFs have wider and 
shorter PJ bones, while TRCs have slightly thinner and shallower PJ bones (Figure 3). 
The results of the morphometric analysis are surprising because differences between OJ 
morphologies were expected (Liem, 1973), but the differences in PJ morphology across 
both species and F5 hybrids were unexpected. This is because both species can gather the 
same prey due to the generalist feeding character of TRC that allows it feed benthically. 
Further, since the OJ has evolved independently of the PJ, the prediction was to find less 
variation in PJ morphology across both species. However, the morphometric results show 
that species-level differences in the OJ are also observed in the PJ, suggesting the 
covariation of jaw shapes across species. This covariation between PJ and OJ 
morphologies can be explained by three possible reasons: (1) LF and TRC are processing 
food in different ways, and/or (2) the development of the PJ and OJ are linked at the 
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genetic level. (3) The higher volume of all jaw muscles in LF might exert a muscle-
induced mechanical stimulus on the PJ, which results in wider and deeper PJs (A. J. 
Conith et al., 2019).  
4.2 Genetic and Phenotypic Coupling of Jaws 
The functional decoupling of the OJ and PJ for distinct feeding (capturing vs 
processing) mechanisms has been well established in Lake Malawi Cichlids (Liem, 1973; 
Mabuchi, Miya, Azuma, & Nishida, 2007). However, the degree to which this is reflected 
at the phenotypic and genotypic levels is not well understood. This project explored this 
untapped area with techniques such as geometric morphometrics, linear regression 
analysis, QTL analysis, and fine mapping analysis. The results from these techniques 
provide evidence for phenotypic integration between and within the traits of the OJ and 
PJ. This is observed in the strong correlations in the shape and volume of the jaw tissues. 
In addition, the investigation of these trait associations at the genetic level reveals one 
genetic locus regulating tissues across the two jaws. Specifically, LG7 is an area of 
genetic overlap for four traits: PCE, PCI, PJ length (PC 1), Oral jaw width (PC 1), A1 
and A2 muscles. Finally, fine mapping analysis allowed us to narrow down the genetic 
loci on LG7 that may be underlying this phenotypic covariation of the traits of interest. 
The results of the fine mapping analysis show discrete overlap on LG7 and common peak 
associations for traits across the OJ and PJ apparatus, suggesting a role for pleiotropy. 
Therefore, it can be concluded that despite performing different functions, the OJ and PJ 
are coupled at the phenotypic level due to the covariation between the traits of interest 
(Figures 5 and 6), and there is some level of genetic coupling on LG7 as well (Figure 8). 
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Taken together, these results imply that the functional decoupling of the OJ and PJ has 
enabled coevolution and not independent evolution of these jaws.  
4.3 Pleiotropy and overlapping developmental fields explain phenotypic integration 
The PJ and OJ tissues exhibit phenotypic correlations, as well as co-localization 
of QTL intervals on LG7. These phenotypic and, to a smaller degree, genetic correlations 
could arise due to neighboring structures working in tandem with each other, and/or due 
to overlapping developmental fields. Therefore, developmental pleiotropy, where a single 
mutation in a gene can influence the development of many tissues (Paaby & Rockman, 
2013) may be playing a role in the phenotypic integration of jaws. The bones of the OJ 
and PJ are neural crest-cell (NCC) derived, while the jaw muscles are mesoderm derived. 
The NCCs migrate, proliferate and differentiate into many craniofacial structures and 
they are responsive to signals from the BMP, Wnt and FGF pathways (Grenier, Teillet, 
Grifone, Kelly, & Duprez, 2009; Szabó & Mayor, 2018). Together, these genetic and 
phenotypic associations may explain the local and global correlations of jaw tissues. 
Therefore, craniofacial tissues that receive these developmental cues might respond to 
changes in these cues and lead to coordinated developmental changes.  
 Another explanation for this coordinated development could be the biomechanical 
forces and signals that exist in the head. Due to the functional decoupling, the oral jaw 
has been relieved from the dual functions of capturing and processing prey (Liem, 1973), 
thereby allowing the oral jaw to remodel in response to mechanical stimuli (i.e., diet) in 
its habitat (Anderson, Renaud, & Rayfield, 2014; Felsenthal & Zelzer, 2017) . This 
specialization of the OJ for feeding might exert similar biomechanical forces like muscle-
induced stress (A. J. Conith et al., 2019) on PJ tissues through the hyoid bone, which 
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connects the OJ and PJ, eventually resulting in PJ shape variation. Therefore, changes in 
diet exerts mechanical stress via muscles and results in changes of bone development 
locally (i.e., within a functional unit) and globally (i.e., across two functional units) 
(Chen, Liu, You, & Simmons, 2010; Schulte et al., 2013; Yucesoy, 2010). 
4.4 Candidate Genes Regulate Jaw Development 
The genetic coupling of a functionally decoupled feeding apparatus was observed 
in the overlapping region (LG 7) of the cichlid genome regulating the OJ and PJ. The fine 
mapping analysis reveals overlapping region between the OJ bone, PCI muscle, PCE 
muscle, A1 muscle, A2 muscle, and PJ bone. This overlapping region contains peak 
associations in areas of the genome that are home to candidate genes that might be 
involved in the local and global correlation of the two jaws. Notch1a (48,423,569-
48,447,715) is a receptor involved in the notch signaling pathway, and it regulates 5 jaw 
traits: PCE, PJ length (PC 1), A1, A2, and OJ width (PC 1) (Figures 10, 11). This 
pleiotropic function of Notch1a plays an important role in cell proliferation, 
differentiation, and processes like bone development and remodeling (Lai, 2004; Luo et 
al., 2019; Mašek & Andersson, 2017).  
4.4.1 Role of Notch Signaling in Jaw Development 
Notch signaling is an evolutionary conserved pathway that plays an essential role 
in embryonic development (Hori, Sen, & Artavanis-Tsakonas, 2013). In particular, Notch 
signaling is needed for proper skeletal development (Zanotti & Canalis, 2016), cell 
specification and proliferation (Guruharsha, Kankel, & Artavanis-Tsakonas, 2012; 
Weidinger, Grotek, & Wehner, 2013). Notch signaling involves four Notch receptors 
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(Notch 1-4) (Kopan & Ilagan, 2009) and transmembrane ligands such as Delta, Serrate 
and Jagged that communicate through juxtacrine signaling (Lindsell, Boulter, DiSibio, 
Gossler, & Weinmaster, 1996). In the canonical Notch pathway, receptor-ligand 
interactions result in proteolytic cleavage of the Notch receptor by release of 
metalloproteases like ADAM (Groot & Vooijs, 2012) and cleavage by γ-secretase 
(Kopan & Ilagan, 2009). This cleavage causes the release and nuclear translocation of the 
Notch intracellular domain (NICD) from the cell membrane to the nucleus. NICD can 
regulate transcription by forming complexes with DNA-binding RBPjK/CSL protein and 
coactivators like Mastermind/Lag-3, MAML to activate downstream target genes like 
hairy and enhancer of split (Hes) and HES-related (Hey and HeyL) (Bray, 2006; Kopan 
& Ilagan, 2009) (Figure 12 and 13). The ligands, receptors and target genes of the 
canonical Notch pathway are conserved across vertebrates, including the cichlid fishes of 
Lake Malawi, Africa (Bloomquist, Fowler, Sylvester, Miro, & Streelman, 2017; Harada 
et al., 1999). 
In skeletal development and bone remodeling, notch regulates the function of 
osteoblasts (cells that form the bone), osteocytes (osteoblast derived bone cell) and 
osteoclasts (cells that resorb or dissolve the bone). Bone remodeling is a coordinated 
activity of these bone cells which involves the activation (via osteocytes), resorption (via 
osteoclasts), and formation (via osteoblasts) of the bone remodeling cycle (Hadjidais & 
Androulakis, 2006) in microscopic multicellular units (Khosla, Westendorf, & Oursler, 
2008).  
Notch signaling has an inhibitory effect in early stages of development, while it 
has a positive effect in adult bone remodeling and homeostasis. Studies have shown that 
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Dll1, a Notch ligand, along with the NICD/RBPjK complex, inhibits chondrocyte 
differentiation in ATDC5 cells by inhibiting Sox9 expression (Atsumi, Ikawa, Miwa, & 
Kimata, 1990) (Figure 12). Notch inhibits the formation of osteoblasts (i.e., 
osteoblastogenesis) through NICD (Engin et al., 2008), RBPjK  (Tao et al., 2010), Hes, 
and Hey (Hilton et al., 2008) proteins by suppressing the transcription of Runx2 (Engin et 
al., 2008) (Figure 12). The activation of Notch signaling resulted in suppressed bone 
remodeling due to a decrease in bone formation and resorption (i.e., osteoporosis) in both 
osteoblasts (Canalis, Parker, Feng, & Zanotti, 2013; Engin et al., 2008) and osteocytes 
(Canalis, Adams, et al., 2013). Notch1 activation inhibits the formation of osteoclasts 
(i.e., osteoclastogenesis) by (i) inducing osteoprotegerin in mature osteoblasts and 
osteocytes (Canalis, Adams, et al., 2013), (ii) activation of Dll1 and Jag1 ligands (Bai et 
al., 2008), and (iii) activation of RBPjK (Zhao, Grimes, Li, Hu, & Ivashkiv, 2012) 
(Figure 12). In contrast to the suppression of early bone development, Notch signaling is 
activated in response to mechanical stimulation, resulting in bone remodeling in 
osteocytes (Ziouti et al., 2019). This suggests that while Notch signaling negatively 
regulates bone formation in the early stages of development, Notch positively regulates 
bone homeostasis and remodeling in adult bones.  
In Lake Malawi Cichlids, Notch signaling is predicted to be stage dependent – 
lower during early stages of development, and higher during adulthood in benthic feeders 
(Figure 12). The basis of this prediction is that benthic feeders like adult LFs require the 
activation of osteoblastogenesis, osteoclastogenesis, and osteocytes due to the high 
amount of mechanical stimuli associated with rock feeding. Therefore, due to the positive 
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effect of Notch signaling on bone remodeling, adult LFs are predicted to have higher 
Notch expression levels than adult TRCs. 
The formation of muscular tissue (i.e., myogenesis) is another process that 
happens during embryonic development (Buckingham et al., 2003) and is regulated by 
the Notch signaling pathway (M-c Delfini, 2000; Philippos et al., 2012; Vasyutina et al., 
2007; Weidinger et al., 2013). Myogenesis involves the delamination, migration, 
proliferation, differentiation and fusion of progenitor cells that originate in the somites 
(Christ & Ordahl, 1995; Rescan, 2001). Myogenic regulatory factors (MRFs) such as 
Myf5, MyoD, MRF4 and myogenin (MyoG) are transcription factors that are responsible 
for committing to myogenesis and myogenic differentiation (Buckingham, 2006). Post-
natal myogenesis depends on muscle stem cells called satellite cells that allow tissue 
regeneration during injury. These satellite cells can (i) proliferate asymmetrically to self-
renew (Shinin, Gayraud-Morel, Gomès, & Tajbakhsh, 2006), (ii) be in a quiescent, non-
proliferative state for lifelong maintenance (Shea et al., 2010), and (iii) differentiate into 
muscle tissues (Buckingham, 2006). Together, the formation of muscle is a complex 
process that involves the role of many regulatory factors which are further regulated by 
the Notch signaling pathway.  
The main role of Notch signaling in myogenesis is to (i) generate a pool of 
quiescent resident muscle stem cells (i.e., satellite cells) for post-natal muscle remodeling 
(Bjornson et al., 2012; Philippos et al., 2012; Shea et al., 2010), (ii) inhibit myogenic 
differentiation (M. Delfini, Hirsinger, Pourquie, & Duprez, 2000; Vasyutina et al., 2007), 
and (iii) activate stem cell by regulating cell proliferation and self-renewal for postnatal 
muscle regeneration (Conboy & Rando, 2002). Inhibitory effects on myogenic 
 
36 
differentiation are observed in NICD-RBPjK interaction which inhibits MyoD expression 
(Philippos et al., 2012; Vasyutina et al., 2007), as well as Hey1, which suppresses the 
promoter of MyoG (Buas, Kabak, & Kadesch, 2010) (Figure 13). 
In Lake Malawi cichlids, Notch1a (a receptor in the Notch pathway) and Hes1 
were expressed in the jaws at the pharyngula and larval stages of development 
(Bloomquist et al., 2017) suggesting their role in craniofacial development. Notch 
expression and signaling is predicted to be higher in the muscles of LF cichlids, as 
compared to TRC cichlids, due to higher muscle volumes (A. J. Conith et al., 2019) and 
benthic feeding in LFs (R. Craig Albertson & Pauers, 2019) (Figure 13). The basis of this 
prediction is that LFs have larger jaw muscle volumes than TRCs, and greater muscle 
regeneration capacity for exerting a high amount of biomechanical force in feeding 
benthically. Higher Notch expression in LFs will prevent depletion of satellite cells by 
inhibiting myogenic differentiation and maintaining muscle hypertrophy (Vasyutina et 
al., 2007). Taken together, Notch signaling is essential to maintain the quiescence of 




Figure 12: Regulation of Notch signaling in bone development and remodeling. A 
visual representation and function(s) of the key players of Notch signaling: Notch ligands 
(Delta, Serrate and Jagged), receptor (Notch1), Notch intracellular Domain (NICD), 
RBPjK, Mastermind and target genes (Hes and Hey) (Top). A stage specific prediction of 
Notch (Notch1a) expression in the jaw bones of adult TRCs (low) and LFs (high in 




Figure 13: Regulation of Notch signaling in muscle development (myogenesis) and 
remodeling. A visual representation and function(s) of the key players of Notch 
signaling: Notch ligands (Delta, Serrate and Jagged), receptor (Notch1), Notch 
intracellular Domain (NICD), RBPjK, Mastermind and target genes (Hes and Hey). A 
Prediction of Notch (Notch1a) expression in the jaw muscles of TRCs (low) and LFs 
(high) (Bottom, Appendix A). 
4.4.2 Role of Smad4b in Jaw Development  
Smad4b (43,320,168-43,325,659) is a non-pleiotropic gene on LG7 that regulates 
PCI muscle, and codes for a common-Smad protein called Smad4. Smad4 is involved in 
the TGF-β signaling pathway which plays an important role in processes like cellular 
proliferation, differentiation, migration, and embryonic development (Horbelt, Denkis, & 
Knaus, 2012). Smad4 is a transcription factor that is phosphorylated and activated by the 
TGF-β receptors, resulting in the regulation of gene expression of target genes (Hata & 
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Chen, 2016). Myostatin is a growth and differentiation factor that works with TGF-β 
receptors to recruit kinases that activate smad2 and smad3 proteins, which eventually 
form a heterotrimeric complex with smad4. Myostatin negatively regulates muscle mass, 
and mutations in myostatin have reported to show increased muscle mass (Schuelke et 
al., 2004). It is interesting to note that the Smad4 family of proteins also play a role in the 
BMP signaling pathway, a positive regulator of muscle mass that competes with the 
myostatin/TGF-β pathway (Sartori, Gregorevic, & Sandri, 2014). Therefore, the role of 
smad4 might change through ontogeny for PJ muscles - higher in BMP during 
development and balanced between BMP and myostatin/TGF-β during adulthood. 
4.4.3 Role of Hemojuvelin in Jaw Development 
Hemojuvelin (30,981,841-30,989,774) and nr2f5 (29,759,133-29,783,839) are 
non-pleiotropic candidate genes on LG 11 that regulate PJ width (PC 2). Hemojuvelin is a 
co-receptor in the BMP signaling pathway that encodes a repulsive guidance molecule 
(RGM) family protein, and plays a role in iron homeostasis by regulating the iron 
hormone hepcidin (Core et al., 2014). Hemojuvelin plays a role in the BMP-6 pathway, 
and upon activation, it works through the SMAD1/5/8-SMAD4 pathway to express 
hepcidin genes (Babitt et al., 2005). Although, hemojuvelin works in the BMP6 pathway, 
all RGMs have the ability to work with the BMP2/BMP4 pathways (Wu, Sun, Lin, & 
Babitt, 2012). BMP4 is involved in altering jaw morphology in Danio rerio (R. Craig 
Albertson, Streelman, Kocher, & Yelick, 2005) and jaw width in Galapagos finches 
(Abzhanov et al., 2004). Finally, nr2f5 belongs to the nr2f nuclear family of receptors 
that functions to specify an upper-jaw identity to post-migratory neural crest cells (Barske 
et al., 2018).  
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4.5 Future Directions 
The original scope of the project was to study the expression-level differences of 
candidate genes of jaw development across different tissues in LFs and TRCs. The 
original prediction was that due to the functional decoupling of OJ and PJ, candidate 
genes corresponding to one functional unit will be highly expressed in that functional 
unit, thereby, allowing a distinct function of that jaw. However, the results show a degree 
of genetic coupling because of common candidate genes. Therefore, the revised 
prediction would be to find expression level differences of the same candidate genes 
across LFs and TRCs in these functional units. This can be achieved through RT-qPCR, a 
technique that allows to assess gene expression-level differences (Tables 3 and 4). 
Specifically, the plan of the original experiment was to extract RNA from 7 OJ and PJ 
tissues and a negative control (caudal fin). Next, the RNA obtained from the tissues 
would be converted to cDNA, amplified using PCR and used for the qPCR experiment. 
Due to the COVID-19 shutdown in March 2020, the experiment had to be stopped at the 
cDNA PCR amplification step. Finally, to understand any expression level differences at 
the chromatin level, techniques like ATAC-seq can be used to chromatin accessibility 
changes in the protein coding and cis-regulatory regions of our candidate genes 
(Buenrostro, Giresi, Zaba, Chang, & Greenleaf, 2013; Buenrostro, Wu, Chang, & 
Greenleaf, 2015). An ATAC-seq experiment was also initiated for the candidate’s thesis 
project. The steps that were successfully optimized included collecting cells from the OJ 
and PJ tissues and lysing the chromatin using appropriate transposase concentration. 
However, the experiment had to be discontinued because of time constraints associated 
with the optimization of this protocol for the whole tissue. Together, differential gene 
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expression analysis for the candidate genes is an ideal next step and should be further 
investigated using the aforementioned techniques. 
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   CHAPTER 5 
CONCLUSION 
5.1 Jaws: Where Did You Come From, Where Did You Go? 
The evolution of a second set of jaws (i.e., PJ) in some bony fishes has allowed 
the OJ to take new roles in feeding that facilitated the adaptive radiation seen in many 
African lakes with cichlids. While the OJs are used for capturing prey, PJs serve a 
specialized function of prey processing. This study examined this functional decoupling 
of jaws at the genetic and phenotypic level. The results from the morphological analysis 
of bone and muscle volume show a phenotypic integration within, and between the two 
functional units. The QTL and fine mapping analyses supported this observation at the 
genetic level – an overlapping region of the cichlid genome was developmentally 
regulated by the same candidate genes (i.e., pleiotropy). Therefore, according to the 
results of this study, Karl Liem’s theory about the functional decoupling of the OJ and PJ 
does not hold at the phenotypic and, to some degree, at the genetic level. This implies 
that the evolutionary trajectory of these two structures are not independent. This study 
also provides evidence for the coevolution of the OJ and PJ due to either overlapping 
genetic control or induced biomechanical stimulus resulting in global morphological 
changes. While this study provides some evidence about developmental pleiotropy using 
the tools of quantitative genetics, more work needs to be done to look at gene expression-
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